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The Baculoviridae is a family of DNA viruses which are obligate
pathogens for a variety of insects.Baculovirus strains came to the
attention of researchers becausethey provided a nonchemical
alternative for the biological control of insect pests of agriculture
and forestry (Ignoffo, 1968); however, recently they have been studied
for their potential as vectors for the expression of foreign genes
(Jasny, 1988).Baculoviruses are divided into three subgroups
designated A, B, and C. Subgroup A, the most studied, consists of
nuclear polyhedrosis viruses (NPVs) in which many virions are embedded
in crystals called polyhedra.This group can be further subdivided into
two morphological types (SNPV and MNPV).The SNPV feature single
enveloped nucleocapsids which are occluded, whereas the MNPV contain one
or more nucleocapsids within an envelope which is then occluded.
Subgroup B, known as the granulosis viruses (GVs), occlude single
virions in the crystalline matrix made of the protein granulin.
Subgroup C, the nonoccluded baculoviruses (NOB), do not have an
occlusion body surrounding the virions (for review, see Granados, 1980).
After the initial infection, the virus progeny may exhibit one of
two phenotypes.After encapsidation the virion may leave the nucleus
and acquire an envelope by budding through the host plasma membrane.
This budded form (BV) goes on to infect cells and spread the virus
within the original host.As the infection proceeds with time the viral
DNA can become encapsidated, enveloped and occluded within the nucleus.
This polyhedra-derived virus(PDV) form spreads the infection from
insect to insect.The following report is a study of the sequence of events that
occur during the infection of Lymantria dispar cells in culture by the
baculovirus Orgyia pseudotsugata multicapsid nuclear polyhedrosis virus
(OpMNPV), each of which was examined at three multiplicities of
infection (5,10, and 100).During the time course of infection (0
to120 h), DNA was isolated from infected cell lysates and Southern blot
anaylsis demonstrated that viral DNA is first observable at 12-18 h p.i.
for this system.The total production of BV and its rate of production
were measured by titration of infected cell supernatants and both
results show the maximum increase of BV to be during the period of 24-36
h p.i.Light microscopy revealed the presence of polyhedra by 48 h p.i.
Western blot analysis was used to examine the time course of the
expression of the three viral-induced proteins (gp64, p39-capsid, and
polyhedrin) each of which represents a temporal phase of baculovirus
gene expression within the infection cycle.The m.o.i. appeared to have
little effect on the timing of all of the events studied (DNA synthesis,
BV production, PIB detection, and protein synthesis).However, the
magnitude of such events as early DNA synthesis and gp64 expression, and
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Chapter I
Introduction
The family Baculoviridae is composed of DNA viruses which are
obligate pathogens for the insect orders Hymenoptera, Diptera,
Coleoptera, Trichoptera and particularly Lepidoptera.Over 600 insect
species are known to be susceptible to baculovirus infection (Martignoni
and Iwai, 1986).Baculoviruses possess a double-stranded, supercoiled
DNA genome of 88-153 kilobase pairs which is contained within a rod-
shaped, enveloped nucleocapsid (Burgess, 1977).Baculoviruses are
divided into three taxonomic subgroups (A, B and C), the first two of
which occlude their virion (for review, see Granados, 1980).Subgroup A
are the nuclear polyhedrosis viruses (NPVs) so named because many
virions are occluded in a crystalline matrix composed primarily of the
protein polyhedrin.Two distinct morphologies exist in the NPVs. One
type includes those in a single nucleocapsid within an envelope (SNPV).
The second type is composed of multiple nucleocapsids within a single
envelope (MNPV).Members of Subgroup B, the granulosis viruses (GVs),
occlude only singly enveloped nucleocapsids in the protein granulin.
The nonoccluded baculoviruses (NOBS) of Subgroup C are virions with no
occlusion bodies.While there is little information about this latter
subgroup, the other two, particularly Subgroup A, have been more
extensively studied.The baculovirus Autographa californica MNPV has
been the most intensively studied and the following information was
gathered from investigation of this virus unless otherwise specified.
Occlusion of the virion within a proteinaceous crystal is comparable
to bacterial or fungal spore formation which allows the survival of the
virus in nature.After ingestion of the NPV by an insect larva during
feeding, the alkaline pH (9.5-11.5) of the insect gut dissolves the
polyhedral structure leaving an enveloped nucleocapsid to begin the
infection.Within the midgut the virion particles are specifically2
targeted for the columnar epithelial cells and enter these cells by
fusion of the virus envelope with the microvilli.The virus envelope is
lost during entry and the nucleocapsid then travels from the microvilli
to the nucleus perhaps with the aid of microtubules.Entrythrough
pores in the nuclear membrane is then followed by uncoating of the viral
DNA and subsequent gene expression and viral DNA production.
Infected host cells undergo a series of morphological changes termed
the cytopathic effect (CPE) which correspond to stages of viral
infection.In the initial stages of CPE there is a rounding of the
cells and the characteristic enlargement of the nucleus.As the nucleus
swells the condensed chromatin disappears and the virogenic stroma (VS)
takes its place.The VS is an electron-dense network wherein viral
nucleocapsid assembly takes place.Electron microscopy of nucleocapsid
formation has allowed observers to conclude that the sequence of
nucleocapsid formation entails the construction of the capsid and
subsequent packaging of the DNA-protein core complex.Following
assembly, the nucleocapsid may bud through the nuclear membrane thus
acquiring an envelope which is then lost during transport through the
cytoplasm to the plasma membrane.The nucleocapsid travels to a site on
the cytoplasmic membrane which has been previously modified so that when
budding through, acquires a loose-fitting envelope with spikes at one
end.These spikes, or peplomers, occur at the point of viral attachment
to the envelope (Adams et a1,1977).This virus phenotype known as
budded virus (BV) enters the hemocoel,a body cavity which functions as
part of the circulatory system, and continues the infection process.
Virions of the BV phenotype are responsible for the systemic spread of
the infection affecting many different cell types.
Late in the infection, virions obtain an envelope by de novo
synthesis in the nucleus and then become occluded within polyhedra (PDV,
polyhedra-derived virus).After the larvae have perished, this
phenotype remains intact in the environment until ingestion by another
host.Morphologically, the two phenotypes differ as BV virions display
a loose-fitting host-derived envelope while PDV virions have a tight-
fitting envelope.Each phenotype shows tissue specificity with BV
virions more infectious for cells and tissues within the hemocoel and
PDV virions more specialized for infection of the columnar epithelial3
cells of the insect gut.Viral entry into host cells occurs by
different means for both phenotypes.The mode of entry for BV is via
adsorptive endocytosis.The nucleocapsid with its host-derived envelope
enters a cell and eventually fuses with coated vesicles.This is
followed by fusion with an endosome and acidification of its environment
which causes fusing of the viral envelope and endosomal membrane.The
nucleocapsid is released inside the cell and infection occurs as before
in a different cell.As discussed earlier, the PDV phenotype which is
targeted for the midgut epithelial cells enters by fusion of the virion
envelope with the microvilli.The difference in several structural
proteins is in part responsible for the contrasting infective pathways
displayed by each phenotype.These proteins will be discussed later.
Notwithstanding all of the aforementioned differences of the two
phenotypes, they are genetically identical.
Control of the regulation of gene expression is played out at the
transcriptional level (for review, see Friesen and Miller, 1986).The
current cascade model for gene regulation is explained in terms of the
temporal regulation of transcription.The stages of viral infection and
life cycle are directly related to those of the synthesis of various
viral proteins, and inhibition of any stage prevents the occurrence of
subsequent stages.Gene expression of the baculovirus within the
infected cell is divided into two major temporal phases: early and late.
The early phase precedes viral DNA replication while the late phase
occurs during or after replication.Studies of the transcriptional
organization of AcMNPV has yielded information regarding RNA transcript
locations and patterns.RNA transcipts are not clustered according to
their temporal expression as early and late genes are found distributed
throughout the viral genome.A frequently observed pattern of
transcription involves a tandemly arranged series of genes which produce
overlapping RNAs transcribed in the same direction with a common 3'
terminus but a differing 5' terminus.
The early phase can be subdivided into two distinct classes:
immediate early (IE) and delayed early (DE).The immediate early genes
rely on host factors for expression while the delayed early genes
require IE gene products.The existence of these two classes operating
in a cascade-like fashion was discovered by use of cycloheximide and4
amino acid analogs, and confirmed more directly by use of transient
assays employing reporter gene constructs.Transfection of a plasmid
carrying the chloramphenicol acetyl transferase (CAT) reporter gene
under the control of the promoter of the early gene 39K showed the 39K
promoter to be inactive.Subsequent studies involving cotransfection of
this plasmid with the entire viral genome demonstrated activity of the
promoter as detected by measuring CAT enzyme activity.The region of
importance for 39K was pinpointed to a gene called immediate early gene
number one (IE-1).The IE-1 gene encodes a transactivating factor which
brings about the expression of the 39K gene.Transfection of the
plasmid pIE -i /CAT showed that IE-1 is expressed by host factors alone
(Guarino and Summers, 1986).
To date there have been five regions of homologous DNA (hLl-h5)
found distributed throughout the AcMNPV genome (Cochran and Faulkner,
1983).These regions, which range in size from 500 to 800 base pairs
(bp), act as enhancer elements to increase the rate of transcription of
early baculovirus genes (Guarino and Summers, 1986).Each region
contains repeated sequences although deletion analysis has shown that
these multiple repeats are not vital for activity.The minimum
requirement for activity is a conserved 26-bp palindrome at the center
of which is an EcoRl site.At this time, hr sequences have not been
found in the OpMNPV genome.
Comparison of various early genes reveals a four nucleotide
consensus sequence (CAGT) at the transcription initiation site (Blissard
and Rohrmann, 1989).Found upstream of this site (21-24 nucleotides) is
a conserved TATA box.
All baculovirus late genes known at this time are transcribed from
the consensus latepromotor element, ATAAG or GTAAG, which also
functions as the mRNA start site (Rohrmann, 1986; Rankin et al, 1988).
During late transcription this promoter region is recognized by an RNA
polymerase of unknown origin.To date it has not been shown whether
this is a viral-encoded or modified host RNA polymerase.Synthesis of
both cellular mRNA in eukaryotes and mRNA of DNA viruses replicating in
eukaryotes is usually carried out by host RNA polymerase II.This
enzyme, however, is known to be very sensitive to inhibition by alpha-
amanatin, a fungal toxin, whereas the RNA polymerase involved in5
baculovirus transcription is not (Grula et a1,1981; Fuchs et al, 1983).
In fact, the short ATAAG promotor in late genes is similar to promoters
recognized by RNA polymerases specific to yeast mitochondrial DNA and
certain bacteriophages (Masters et al, 1987).
Those genes referred to generally as "late" genes may be further
divided into late genes and hyperexpressed late genes.Expression of
late genes reaches maximal abundance shortly after DNA replication then
decreases.Meanwhile, hyperexpressed late genes are those whose mRNAs
rise to high levels just after DNA replication and are maintained
throughout the infection cycle.
Of the over 30 viral proteins detected in infected cells, relatively
few have been well characterized.Study of the synthesis of baculovirus
proteinsindicates that there is temporal control of viral-induced
proteins.Certain proteins are specific to one of the two phenotypes
while other proteins are common to both; for example, structural
proteins associated with the nucleocapsid complex are found in both
forms of the virus.Two such proteins have been characterized with
regard to their genetic location and expression.A major structural
component of the rod-shaped capsid is the 39 kilodalton (kD) protein
(p39), the gene of which has been sequenced in both OpMNPV and AcMNPV.
Comparison of predicted amino acid sequences indicate a 56% homology
between p39'sof the two baculovirus species (Blissard et al, 1989;
Thiem and Miller, 1989).Western blot studies of OpMNPV by Pearson et
al (1988) show the earliest expression of the p39 protein to be by 24 h
p.i. Transport of the protein from its site of production in the
cytoplasm to the nucleus where the capsids are formed was evident
between 24 and 48 h p.i. by immunofluorescent staining.
The other major well-characterized structural protein of the
nucleocapsid is p6.9.This arginine-, serine-rich protein which is
associated with viral DNA is believed to participate in condensation and
protection of the genome before and during encapsidation.It is thought
that during infection phosphorylation of this core protein leads to
decondensation of the DNA and so protein kinase activity is probably
involved in the release of DNA from the nucleocapsid (Wilson and
Consigli, 1985).Transcription of this protein occurs at high levels
late in infection.The predicted amino acid sequence of p6.9 of AcMNPV6
has 80% homology with the corresponding 6.5-kD basic protein of OpMNPV
(Russell and Rohrmann, 1990).
Beyond the structure of the nucleocapsid the phenotypes differ and
thus contain correspondingly different proteins.The loose-fitting
envelope of the BV is a host-derived membrane yet at one end exhibits
peplomers, the major constituent of which may be a 64-kD glycoprotein
(gp64).Tunicamycin studies of AcMNPV have shown gp64 to be a 59-kD
protein when unglycosylated and that there are seven potential
asparagine-linked glycosylation sites (Charlton and Volkman, 1986).By
use of the monoclonal antibody against gp64 called AcVl, Volkman and
Goldsmith (1985) proved that while gp64 has no role in adsorption of
virus to host cell, the penetration step of infection was dependent on
the presence of this protein.From these studies they concluded that
entry of BV into cells is primarily via adsorptive endocytosis.
Nucleotide sequences of the gene encoding gp64 have been compared
between AcMNPV and OpMNPV and predicted amino acid sequences show 83%
homology except for small regions at the N- and C-termini (Blissard and
Rohrmann, 1989).
Unlike the BV, the PDV phenotype not only displays a different type
of envelope but it is further occluded in a crystalline matrix
structure.The occlusion bodies (also termed polyhedra) are composed
chiefly of the protein polyhedrin.This 29-kD protein accounts for at
least 18% of the total alkali-soluble protein present in infected insect
cells and functions to stabilize the virions in the environment (for
review, see Rohrmann, 1986).The strategic positioning of acidic and
basic residues within the protein are believed to participate in salt
bridges that result in the crystallization of polyhedrin.Polyhedrin is
the most highly conserved baculovirus structural protein characterized
to date.There is over 80% amino acid conservation between different
lepidopteran NPVs and 90% homology between AcMNPV and OpMNPV polyhedrin
with the N-terminal region showing the most variability.Polyhedrin is
the gene product of a hyperexpressed late gene (discussed previously).
Hyperexpression of the polyhedrin gene has led to interest in its
promoter region as a means, via construction of recombinant viruses, of
expressing high levels of foreign genes.7
Polyhedrin is the best characterized of the two known hyperexpressed
proteins occurring late in infection.The other is a 10-kD protein
(pl.()) whose function remains unclear.Studies using fluorescent
antibody staining (Quant-Russell et al, 1987) show a close association
of p10 with the virion nucleocapsid of the PDV.Staining shows fine
threads to appear in the cytoplasm of the infected cells and by 16 h
p.i. these structures display an increasingly rod-like structure until
an interconnected network is formed around and penetrates the nucleus.
This network structure is believed to be associated with occlusion body
formation.The p10 proteins of AcMNPV and OpMNPV are not highly
conserved and show only 42% homology.
One proposed function of p10 is that involved in transport of the
polyhedral envelope (PE) protein from the nucleus to the site of
attachment on the polyhedron surface.The PE is an electron-dense,
amorphous membrane-like structure which surrounds the occlusion bodies.
The polyhedral envelope protein (PEP) varies in size among the different
NPV species, from 32-kD in OpMNPV (Gombart et al, 1989A) to 36-kD in
AcMNPV, and displays a 58% amino acid homology between the two.From
AcMNPV studies showing the release of this phosphoprotein from the PE in
areducing environment, Whitt and Manning (1988) suggested that the
protein is linked to the carbohydrate PE by thiol bonds.
Time course studies characterizing the infection cycle of various
baculoviruses have been made with the MNPVs of Autographa californica
and Spodoptera frugiperda receiving the most attention.Tjia et al
(1979) found DNA synthesis of AcMNPV in S. frugiperda cells to begin at
6 h p.i.In this system, PIBs were first observed at 10 h p.i. and
continued increasing until 65 h p.i.The infection cycle of AcMNPV has
also been characterized in Trichoplusia ni cells by several groups.BV
is released from cells by 12 h p.i. (McCarthy et al, 1980; Wood, 1980;
Maruniak and Summers, 1981) and production appears to reach a maximum
between 24 to 36 h p.i. (Volkman et al, 1976; Maruniak and Summers,
1981).Light microscopy revealed thepresence of PIBs by 12-18 h p.i.
(Volkman et a1,1976; McCarthy et a1,1980; Maruniak and Summers,1981) at
m.o.i.s from 5 to 50.Like AcMNPV, infection by SfMNPV yielded BV
production beginning by 12 h p.i.; however, a maximum titer was not
reached until 96 h p.i. in S. frugiperda cells (Knudson and Tinsley,8
1974).In this system, polyhedron formation was detected by 18 h p.i.
and increased until 48 h p.i. (Knudson and Harrap, 1976).McClintock et
al (1986) undertook a study of the infection cycle of the MNPV of
Lymantria dispar in L. dispar cells and found the events of this system
to occur less rapidly than those of AcMNPV.BV was first apparent by 20
h p.i. and did not reach maximum production until 48-52 h p.i.
Polyhedra formation was visible at 48 h p.i. and increased until 80 h
p.i.9
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ABSTRACT
To characterize the infection cycle of the Orgyia pseudotsugata
multicapsid nuclear polyhedrosis virus (OpMNPV) in Lymantria dispar
cells, the time course of DNA synthesis and polyhedron production, and
the onset and rate of budded virus production were investigated at three
different multiplicities of infection (5,10, and 100).In addition,
the time course of expression of three proteins (gp64, p39-capsid, and
polyhedrin) representative of three temporal classes of baculovirus
genes was also analyzed using Western blot anaylsis.DNA synthesis
began at 12-18 h p.i.The rate of budded virus production reached
maximal levels at 24-36 h p.i. and continued at high levels indicating
that budded virus production was not turned off late in infection.
Polyhedra were first observed at 48 h p.i.The m.o.i. appeared to
influence the magnitude but not timing of early events in the viral
infection cycle (gp64 expression and DNA synthesis) and also influenced
the initial levels of BV production and the percent of cells containing
occlusion bodies.The m.o.i. had little influence on the final rates of
budded virus production and the time of detection of p39 and polyhedrin
on Western blots.11
INTRODUCTION
Nuclear polyhedrosis viruses (NPV's) are a subgroup of the
Baculoviridae which are a family of viruses with large double stranded
supercoiled DNA genomes of 88-150 kb which are pathogenic for insects.
They are characterized by a complex infection cycle which produces two
structurally distinct virion phenotypes (for review, see Blissard and
Rohrmann, 1990).The polyhedra-derived virus (PDV) phenotype contains
nucleocapsids occluded within crystalline occlusion bodies (termed
polyhedra) composed of a 29-kD protein, polyhedrin.The occlusion
bodies, which are stable in the environment, serve to spread the virus
between insects.In contrast, the budded virus phenotype (BV) buds from
infected cells into the insect hemocoel and serves to spread the
infection from cell to cell within insects.A major structural
difference between PDV and BV virions is the origin of their envelopes.
The BV phenotype acquires its envelope by budding through the plasma
membrane of infected cells which have been modified by the insertion of
a virally encoded glycoprotein, gp64.In contrast, the PDV envelope is
formed de novo in the nucleus where PDV are subsequently occluded.In
infected cells, the expression of baculovirus genes is believed to occur
in a cascade of events in which each successive phase is dependent on
the previous phase.There are two general phases, an early phase which
precedes viral DNA replication and a late phase that occurs during and
after viral DNA replication.The early phase is subdivided into
immediate early and delayed early stages.Immediate early genes are
those genes that can be transcribed by uninfected insect cells and
require no viral gene products.Delayed early genes are expressed
before DNA replication but require viral gene products for their
transcriptional activation.Late genes are transcribed after or along
with the onset of viral DNA synthesis and are transcribed from the late
baculovirus A/GTAAG promoter.Hyperexpressed late (or very late) genes
are distinguished from other late genes by the fact that mRNAs from most
late genes decline at very late times post infection, whereas mRNA
levels of hyperexpressed late genes remain high throughout the infection
cycle.Numerous late genes have been characterized, but only two,
polyhedrin and p10, are hyperexpressed.12
The multicapsid NPV of Autographa californica (AcMNPV) is the most
well characterized baculovirus and the major events of its replication
cycle have been extensively characterized.In this system immediate
early genes are expressed by 0-1 h p.i. (Guarino and Summers, 1987;
Chisholm and Henner, 1988) followed by DNA synthesis at 6 h p.i.(Tjia
et al, 1979; Erlandson and Carstens, 1983).Budded virus production
occurs by 12 h p.i. and occluded virus are observed at about 12-14 h
p.i. (Volkman et al, 1976).Although AcMNPV is familiar to many
investigators because it is commonly used as an expression vector, over
600 other baculoviruses have been identified, many of which appear to
have significantly different replicative and biological properties from
AcMNPV.One of these, the MNPV of Orgyia pseudotsugata (OpMNPV),
differs from AcMNPV in that it appears to lack homologous repeat
sequences (hr) which have been implicated as enhancers of early genes in
AcMNPV (Cochran and Faulkner, 1983; Guarino and Summers, 1986).OpMNPV
also appears to lack at least two genes present in AcMNPV (Gombart et
al, 1989) and may contain one structural protein gene (p87) which is not
present in AcMNPV (Muller et al, 1990).In addition to these
differences, the OpMNPV has a different host range and in the laboratory
replicates in a Lymantria dispar cell line.
In this report we describe the time of the major events of OpMNPV
replication in L. dispar cells.In addition to characterizing the time
course of DNA replication, and budded and occluded virus production, we
used Western blot analysis to investigate the expression of three major
structural proteins which are representative of different temporal gene
classes.These included gp64 which is the major envelope glycoprotein
of budded virus and is expressed as both an early and late gene
(Blissard et al, 1989; Whitford et al, 1989); p39 which is a capsid
protein and is expressed as a late gene (Pearson et al, 1988; Blissard
et al, 1989; Thiem and Miller, 1989); and polyhedrin which is a
hyperexpressed late gene (Rohrmann, 1986).These analyses were done at
three multiplicities of infection (m.o.i.'s5,10, and 100) to
determine the influence of m.o.i. on the time course of infection.13
MATERIALS AND METHODS
Insect cell lines, virus, infectionsand antibodies
Lymantria dispar cell line LD652Y was cultured in TNM-FH medium
supplemented
with 10% fetal bovine serum (Summers and Smith, 1987) at 27° C.The
clonal isolate of OpMNPV used in these studies was described in Quant-
Russell et al (1987).The p39 MAb (#236) and polyhedrin polyclonal
antibody were described in Pearson et al (1988) and Rohrmann (1977)
respectively.The gp64 MAb (AcV5) was described by Hohmann and Faulkner
(1983) and applied to OpMNPV as described by Blissard and Rohrmann
(1989).For all m.o.i. studies, cells were seeded at 4 x 105 cells/ml
in 24 well microtiter plates and virus stocks were added at the desired
m.o.i.(5,10, or 100).After a 1 h adsorption period, the medium (1
ml) was removed and cells were rinsed with 1 ml of fresh medium then
replaced with 1 ml of fresh medium.
Measurement of viral DNA in infected cell
To measure the relative quantities of viral DNA in infected cells,
supernatants were removed from triplicate samples for each time point
and the cells were disrupted and RNA removed by adding 400 gl of 0.5M
NaOH.Ten ng of plasmid DNA (pBS-) was added to each sample as an
internal standard (see below).After boiling for 3 min, ammonium
acetate was added to a final concentration of 1 M and samples were
stored at -80° C.Each sample was brought to 500 gl with H2O and the
aqueous solution was extracted sequentially with equal volumes of
phenol, phenol-chloroform (1:1), and chloroform (chloroform is 24:1
isoamyl alcohol).After ethanol precipitation, DNA samples were
suspended in 100 41 H20.To denature the DNA, 100 gl0.6 M NaOH was
added to each DNA sample and incubated at 60° C for 5 min.Samples were
then brought to 1 M ammonium acetate in a final volume of 1 ml.DNA
from 2 x 105 cell equivalents was added to each slot of a slot blot
apparatus (Schleicher & Schuell, Inc.) and bound onto GeneScreen Plus
membranes (New England Nuclear, Inc.) as described by Kafatos et al14
(1979).OpMNPV genomic DNA was labeled by the hexamer labeling
procedure (Feinberg and Vogelstein, 1983) to a specific activity of
approximately 9 x 108 cpm/gg and added to blots at a concentration of
2 x 106 cpm/ml of hybridization buffer (7ml/blot).Blots were
hybridized for approximately 14 h under stringent conditions (50%
formamide, 42° C)(Maniatis et al, 1982) and then washed as follows :5
times for 10 min in each wash of 2 X SSC, 0.1% SDS at room temperature;
3 times for 20 min in each wash of 0.1 X SSC, 0.1% SDS at 60° C.
Radiolabeled DNA hybridizing to the slots was visualized and quantified
using an AMBIS Radioanalytic Imaging System (Automated Microbiology
Systems, Inc.).To correct for variability in extraction and
precipitation steps, the blots were stripped of the labeled probe DNA by
incubating with 0.4 N NaOH then hybridized with a 32P-labeled pBS
plasmid DNA and processed and analyzed as described above.The lowest
value from the pBS hybridization to the internal standard (10 ng pBS
DNA) was assigned a value of 1.0.Deviation of each sample from the
average was calculated and data from OpMNPV hybridizations were
subsequently adjusted relative to internal standards.
To further confirm the results, this experiment was subsequently
repeated, however with several variations in the protocol.During the
first 24 h p.i., samples were collected every 3 h between 6-24 h p.i. to
describe more precisely the period of first viral DNA synthesis.During
later times p.i. infected cells may tend to loosen from the plate and be
lost during removal of supernatant.Therefore, all supernatants were
spun at 5500 rpm for 1 min, poured off and any cells remaining were
added back with 0.5 M NaOH to the well of cells to be collected.The
DNA was extracted and denatured as described above.DNA from 1.6 x 105
cell equivalents was then added to each slot of a slot blot apparatus
and bound onto GeneScreen Plus membranes according to Kafatos et al
(1979).Duplicate blots were made for each of the three m.o.i. samples
so that one would be used for hybridization with labeled OpMNPV genomic
DNA and the other with labeled pBS plasmid DNA as the control.This
step was performed to ensure that variability of final DNA quantity due
to stripping of the blots would be minimized.OpMNPV genomic DNA was
labeled by the hexamer labeling procedure (Feinberg and Vogelstein,
1983) to a specific activity of approximately 5 x 108 cpm/gg and added15
to blots at a concentration of 1 x 106 cpm/ml of hybridization buffer
(8m1 /blot).Blots were hybridized under stringent conditions for 24 h
and washed as described above.Radiolabeled DNA hybridizing to the
blots was quantified using an AMBIS Radioanalytic Imaging System.
Values were standardized by use of the results from the pBS
hybridization to the internal standard in the same manner as before.To
corroborate these final results, the blots were cut so that each slot
was separated and counted by using a TRI-CARB Liquid Scintillation
System (United Technologies Packard).Values from the slots hybridized
with the labeled pBS were used to correct any deviations caused by
variability in extraction and precipitation steps as before.
Measurement of budded virus production
BV production was measured using two procedures: in one set of
experiments the total BV present in the culture supernatant at times
during the infection cycle was measured, whereas in the other set of
experiments the rate of BV production at different times was measured.
To determine the total BV which accumulated in the culture supernatant
over time, virus titers of cell culture supernatants were determined at
various times p.i.For each m.o.i., three sets of wells (4 x 105
cells/well) were infected (30 wells/m.o.i.).At various times post
infection, the supernatant was removed from three wells for each m.o.i.
and used to determine the TCID50 for each time p.i.To titer the
supernatants, cell suspensions (3 x 105 cells/ml) were seeded into 96-
well microtiter plates (50 µl /well) and an equal volume (50 gl) of each
viral supernatant dilution was added per well.After incubation for 5-7
days at 27° C plates were scored for infection, and then the entire
supernatant (100 gl) from each well was added to freshly seeded wells
containing 50 gl fresh cells(3 x 105 cells/ml).This procedure allowed
the amplification of infectious virus present at low levels in the first
plate and thus increased the sensitivity of the assay.After 5-7 days,
the second plate was scored and the TCID50 was calculated for each16
m.o.i. at each timepoint by end-point dilution (Reed and Muench, 1938;
Summers and Smith, 1987).
The rate of BV production was quantified by measuring the TCID50
produced over defined time periods.For each m.o.i., three sets of
wells (4 x 105 cells/well) were infected (3 wells/m.o.i.) and at each
time p.i., the supernatants were completely removed from each set of
wells for each m.o.i and replaced with 50% conditioned medium.
(Conditioned TNM-FH medium was produced by mixing in a 1:1 ratio fresh
TNM-FH with TNM-FH medium which was conditioned by incubation on
uninfected .1.1._ dispar cells for 24 h, removed and stored at 4° C until
use).This procedure was repeated on each m.o.i. for each time point
analyzed.The TCID50 was determined as described above, however, the
procedure was done in triplicate for each well for each time point.The
TCID50 scored from the second plate was calculated from the three sets
of data for each well processed from each m.o.i. by end-point dilution
analysis (Reed and Muench, 1938; Summers and Smith, 1987).This
resulted in triplicate TCID50 values for each m.o.i. at each time point.
Western blots
To determine the time course of expression of specific proteins,
infected cell proteins were analyzed by Western blot analysis at various
times p.i.For isolation of infected cell proteins, each well of a 24
well plate (Falcon, Inc.) was seeded with 1 ml of a cell suspension (4 x
105 cells/ml).After allowing the cells to attach (1-6 h), the medium
was removed and virus were added at m.o.i.'s of 5,10, and 100 in 150 gl
TNM-FH. After a 1 h adsorption period, the virus was removed and the
cells were rinsed with 1 ml of TNM-FH and replaced with 1 ml of TNM-FH.
At specified times post infection, total cells and medium from wells
were collected and centrifuged (5500 rpm, 2-3 min).The following
protocols were used for preparing samples for characterization of each
specific protein.Gp64: cell pellets were suspended at 8 x 106 cells/ml
in 50 gl phosphate buffered saline (PBS)(PBS is NaC1 120 mM, KC1 2.7mM17
in 10 mM phosphate buffer, pH 7.4) containing 0.5mM phenylmethyl-
sulfonyl fluoride (PMSF) and stored frozen at -80° C.To 50 gl of
thawed cells the following was added: 5 gl of 10X DNase buffer (500 mM
Tris, 50 mM MgC12, pH 7.5), 1.25 gg DNase and incubated for 15 min at
37° C.An equal volume of 2X SDS-PAGE sample buffer (Laemmli, 1970) was
added and the mixture was boiled for 3 min.An amount equivalent to
6.2 x 104 cells (15-19 gl) was loaded in each well of a 12% SDS-
polyacrylamide gel.Samples used for the detection of p39-capsid and
polyhedrin were treated with NaOH to dissolve polyhedra and ensure the
complete solubility of all proteins.P39: cell pellets were resuspended
in 50 gl PBS, 0.5mM PMSF to a concentration of 8 x 106 cells/ml, and
NaOH was added to a final concentration of 0.1N and incubated at 60° C
for 10 min.An equal volume of 2X SDS-PAGE sample buffer was added and
treated as described above.Polyhedrin: cell pellets from two wells
were resuspended in 94.5 gl Graces medium (Gibco Laboratories, Inc.)
containing 0.5mM PMSF and 5 gl 1 M NaOH resulting in a final cell
concentration of 8 x 106 cells/ml.An equal volume of 2X SDS PAGE
sample buffer was added and treated as above.
For Western blot analysis of proteins, SDS-PAGE gels were
electroblotted onto nitrocellulose membranes, and reacted with the
appropriate antibodies as described previously (Quant-Russell et al.,
1987).Antisera were used at the following dilutions: p39 MAb 236
ascites fluid, 1:100; polyhedrin polyclonal antiserum, 1:400; and gp64
AcV5 MAb tissue culture supernatant, undiluted.18
RESULTS
Time course of viral DNA replication
To investigate viral DNA replication 32P-labeled OpMNPV DNA was
hybridized to slot blots of total DNA from L. dispar cells infected at
three different m.o.i.'s (5,10, and 100)(Fig. 1).The relative amount
of viral-specific DNA increased dramatically between 12 and 18 h p.i.
for cells infected at m.o.i. 100.Cells infected at m.o.i. 5 and 10
showed a more gradual DNA increase starting between 12 and 18 h p.i.
These results were verified in the second viral DNA replication
experiment (Fig. 2).In both sets of experiments done with the three
m.o.i's analyzed in triplicate, the values for relative DNA
concentration showed small standard deviations for each m.o.i for
samples taken up to 36 h p.i. [Table 1(Experiment 1) and Table 2
(Experiment 2)].Figure 3 allows a closer look at the early segment of
the time course from the second viral DNA study.The patterns of DNA
synthesis closely reflect those from the first DNA synthesis study.
The time points at 48 h p.i. and thereafter exhibit large overlapping
standard deviations for the m.o.i.'s.The reason for this variation in
the standard deviation at later time points is not clear but suggests
that retention of viral DNA in the cells late in infection is highly
variable between experimental wells and may be due to cell destruction.
Both the AMBIS and scintillation counter data from Experiment 2 yielded
very similar patterns for replication and standard deviations (Table 3).
Time course of budded virus and occlusion body production
The production of budded virus in cells infected at different
m.o.i.'s was quantified by measurement of the TCID50 at various times
p.i.(Fig. 4).Whereas DNA synthesis appears to increase over an
extended period (m.o.i. 100, 12-48 h; m.o.i. 10, 12-120 h;m.o.i. 5,
12-72 h), all three m.o.i's resulted in a burst of BV production
occurring between 24 to 36 h with the titer reaching a plateau by 36 h
p.i.This burst of BV production followed the initiation of DNA
synthesis by about 6-12 h at all three m.o.i's.Little difference was19
observed in the final titer from different m.o.i's with the plateaus for
each m.o.i. being near 108 to 109 TCID50/m1 (Table 4).
To determine the rate of BV production, supernatants were completely
removed from infected cultures and replaced with 50% conditioned medium
at specific times p.i. and TCID50's were determined for each supernatant
(Fig. 2).This allowed determination of the amount of BV (TCID50)
produced between time points.These titers indicated that BV is
produced at the maximum rate between 24-48 h p.i. for m.o.i. 100 (8.7 x
108 TCID50/12h).M.o.i 5 infections produced BV at a maximum rate (over
108 TCID50/12h) from 24-96 h p.i..M.o.i. 10 also resulted in high
rates of production throughout the late time periods (Table 5).
Although there was a 1 to 1.4 log decrease in the rate of TCID50
production between the maximal rate at 24-48 h p.i. and the final rate
at 96 to 120 h p.i., these results indicate that BV production is
reduced but not turned off late in the infection.The onset of BV
production for all three m.o.i.'s occurred between 12 to 24 h with the
rate of production reaching a plateau by 36 h p.i.The onset of BV
production appears to follow closely the initiation of DNA synthesis for
all three m.o.i.'s.
The percentage of cells which contained polyhedra in their nuclei
was also examined (Fig. 6).Polyhedra were detected at 48 h p.i. and
continued to accumulate throughout the late infection period (Table 6).
In cells infected at an m.o.i. of 100, polyhedra were observed in 35% of
the cells very late in infection.However in infections using m.o.i.'s
5 and 10, polyhedra were observed in only about 15% of the cells.
Occlusion bodies were never found in more that about 35% of the cells
even when higher m.o.i.'s (e.g. m.o.i. 300) were used (data not shown).
CPE from virus infection were observed in most cells even when the lower
m.o.i.'s were used (m.o.i. 5 and 10) indicating synchronous infection of
most if not all cells.Therefore, the above results suggest an
inability of some cells to produce polyhedra rather than the lack of
synchronous infection.
Time course of expression of gp64, p39-capsid, and polyhedrin20
The time course of expression of three viral proteins was examined by
Western blot analysis (Fig. 7).Gp64, a viral envelope glycoprotein, is
produced both early and late in infection as the gp64 gene has both
early and late promoters (Blissard and Rohrmann, 1989).Gp64 was first
detected on Western blots at 6 h p.i. for all m.o.i.'s, however the
amount of gp64 detected appeared to be m.o.i. dependent.P39, a capsid
protein which is expressed late in infection and accumulates in the
infected cell nucleus by 48 h p.i. (Pearson et al, 1988), was first
observed on Western blots of cells infected at all three m.o.i.'s in the
36 h p.i. samples.By 48 h p.i., abundant quantities of p39 were
readily detected in extracts of cells from all three m.o.i.'s.
Polyhedrin, a hyperexpressed late gene, was not observed on Western
blots until 48 h p.i. in cells infected at all three m.o.i.'s.21
DISCUSSION
In this report we have examined major events in the replicative cycle
of OpMNPV in L. dispar cells.By Western blot analysis, we detected the
product of a gene with an early promoter,gp64, at the earliest time
examined (6 h p.i.).As gp64 is the major envelope glycoprotein, it is
likely that its early expression allows for its migration and
modification of the host cell membrane in preparation for the production
of budded virus.Between 12 18 h p.i., DNA replication begins and is
consistent with the onset of BV production which occurred between 12 to
24 h p.i.Curves from all three m.o.i.'s show a decrease in rate
between 18-21 h p.i. and may correlate with the initiation of BV
production.We determined that BV undergoes a burst of production
during the period at 24 to 36 h p.i. and maintains maximal rates of
production at 36 to 48 h p.i.This relative high rate continues
throughout the infection indicating that both viral phenotypes are
produced late in infection.The rate of BV production plateaus or
declines somewhat when polyhedra appear (48 h p.i.). P39-capsid
protein was not observed on Western blots until 36 h p.i.It is likely
that it is synthesized earlier (we have observed it at low levels at 24-
28 h p.i. using another Western blotting protocol (Pearson et al, 1988);
but its relative concentration is likely reduced at earlier times
because it is removed from the cells by virus budding.Polyhedra were
not observed until 48 h p.i. and this corresponds to the appearance of
polyhedrin on Western blots at 48 h p.i.(Fig. 7).After 48 h p.i.
polyhedra were observed in an increasing percentage of infected cell
nuclei.Figure 8 shows the compilation of data featuring the
accumulation of viral DNA, of BV, and of PIBs during the time course of
infection for each m.o.i.Likewise, composite graphs for each m.o.i.
featuring data of the second DNA synthesis experiment and the rate of BV
production demonstrate the close association of viral DNA replication
and BV formation (Fig. 9).
The m.o.i. appears to influence the level of expression of genes with
early promoters.Although gp64 was observed on Western blots by 6 h
p.i. with allm.o.i.'s, its concentration appeared to be higher when22
cells were infected at m.o.i.'s of 10 and 100 (Fig. 7).Such
differences probably result from a gene dosage effect.M.o.i. 100
samples also demonstrated a more rapid accumulation of viral specific
DNA although m.o.i. 5 and 10 cells eventually contained similar amounts
(Fig. 1).We speculate that the more rapid accumulation of viral DNA
replication in cells infected at high m.o.i. may be caused by either
higher initial template numbers, or a higher level of early gene
products involved in DNA replication (i.e. DNA polymerase or
proliferative cell nuclear antigen [PCNA])(Tomalski et al, 1988;
O'Reilly et al, 1989).The onset of late viral phenomena did not appear
to be substantially affected by the different m.o.i.'s.The late events
that we monitored included the rate of BV production (12-24 h p.i.),
polyhedra production (36-48 h p.i.), p39 synthesis, and polyhedrin
synthesis.Although the onset of the appearance of polyhedra in
infected cell nuclei occurred at similar times, polyhedra appear to
accumulate to about twice the level in cells infected at an m.o.i. of
100.This phenomenon has also been reported in L. dispar MNPV (LdMNPV)
infecting L. dispar cells (McClintock et al, 1986) and may be due to the
higher levels of DNA synthesis early in infection results in more DNA
being available for virus and thus PIB production.
In a similar investigation McClintock et al (1986) infected L. dispar
cells with LdMNPV at an m.o.i. of 100 and found a rapid increase of BV
(TCID50) produced at 24 h p.i. similar to our observations for OpMNPV.
In addition, polyhedral inclusion bodies were first observed at 48 h
p.i. similar to the OpMNPV system.In contrast, the replicative cycle
of the AcMNPV virus in either Spodoptera frugiperda or Trichoplusia ni
cells appears to occur at a more rapid rate than either the OpMNPV or
LdMNPV system (Fig. 10).In one study in which cells were infected at
m.o.i. 100, viral DNA replication was observed to begin at 6 h p.i.
(Tjia et al, 1979).In another study, BV production in AcMNPV infected
ni cells began at 7-10 h p.i. (Volkman et al, 1976).
The variability of times of replicative cycles could be dependent on
features of either the virus, the host cell, or both.In the AcMNPV the
homologous repeat sequences (hrs) appear to act as enhancers of early
gene expression (Guarino and Summers, 1986).It is possible that the
presence of such enhancers in AcMNPV might be responsible for23
accelerating early viral synthetic events leading to the more rapid
onset of viral DNA replication. OpMNPV appears to lack sequences highly
homologous to AcMNPV lirs and therefore may lack similar enhancers and
therefore may replicate more slowly.24
Fig. 1. Time course of accumulation of viral DNA in OpMNPV-
infected L dispar cells infected with OpMNPV at m.o.i. 5,10, and 100
from the first DNA synthesis experiment described (Experiment 1).The
relative quantities of DNA at various times p.i. were determined by
hybridization of a 32P-labeled OpMNPV DNA probe to slot blots of
infected-cell DNA isolated from equivalent numbers of cells infected at
various m.o.i.'s.Each cpm value was determined from 3 replicated blots
and was read directly using an AMBIS Radioanalytic Imaging System.
Standard deviations are shown in Table 1.2
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Fig. 2.Time course of accumulation of viral DNA in OpMNPV-infected L.
dispar cells infected with OpMNPV at m.o.i. 5,10, and 100 from the
second DNA synthesis experiment described (Experiment 2).The relative
quantities of DNA at various times p.i. were determined by hybridization
of a 32P-labeled OpMNPV DNA probe to slot blots of infected-cell DNA
isolated from equivalent numbers of cells infected at various m.o.i.'s.
Each cpm value was determined from 6 replicated blots (3 of which were
used to correct for deviation in the corresponding 3 labeled with OpMNPV
genomic DNA).These blots were read directly using an AMBIS
Radioanalytic Imaging System.Standard deviations are shown in Table 2.M01-5
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Fig. 3.Time course of accumulation of viral DNA in L dispar cells
early in infection in Experiment 2.All conditions are as described in
Figure 2 legend and Materials and Methods.2
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Fig. 4.Time course of accumulation of budded virus production in L.
dispar cells infected at three m.o.i's.Cells were infected at m.o.i.'s
of 5,10, and 100 and the tissue culture infectious dose 50% (TCID50) of
cell culture supernatants was determined at various times p.i. as
described in Materials and Methods.9.5
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Fig. 5.Rate of budded virus production in cells infected at three
m.o.i.'s.Cells were infected at m.o.i.'s of 5,10, and 100 and at
various times p.i.cell culture supernatants were completely removed
and the infectious dose 50%(TCID50) determined as described in the
Materials and Methods.The medium was replaced with 50% conditioned
medium (from uninfected cells) at each time point.The data up to 72 h
p.i was determined by titering supernatants which were incubated with
infected cells for 12 h.The titers for the final two time points (96
and 120 h) were determined from supernatants incubated for 24 hour
intervals and the values were divided by 2 to yield the average BV
production for 12 hours.Standard deviations are shown in Table 5.MOI 5
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Fig. 6.Time course of polyhedral inclusion body (PIB) accumulation in
L. dispar cells infected with OpMNPV.The percentage of cells
containing PIBs were determined by examining 100 infected cells by phase
contrast microscopy.Each value was averaged from three separate
determinations for each time point.Standard deviations are shown in
Table 6.50
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Fig. 7.Western blot analysis of gp64, p39-capsid, and polyhedrin
accumulation in cells infected at m.o.i.'s of 5,10, and 100.Infected
cell proteins were isolated at various times p.i., electrophoresed on
12% SDS-polyacrylamide gels, blotted to nitrocellulose, and reacted with
the appropriate antibodies.The source of the antibodies, dilutions
used, and conditions for Western analysis are described in the Materials
and Methods.Abbreviations: M, mock infected; C, control.gp64 Hours Post Infection
M0612 18 24 36 48 72 96 120
m.o.i. 5
m.o.i. 10 I ---",emommemoommorwowli
m.o.i.1001 ,,--orimmeernworsurie4p.wourvamoo.-%
p39
(capsid)
m.o.i. 5
m.o.i. 10
m.o.i. 100I
Polyhedrin
m.o.i. 5
m.o.i. 10
m.o.i. 100I
Hours Post Infection
M 0612 18 24 36 48 72 96 120
Hours Post Infection
M 0612 18 24 36 48 72 96 120 C
Figure 7
3738
Fig. 8.Comparison of the time course of three major events in the
infection cycle of three m.o.i.'s.All DNA data is from Figure 1.All
BV data comes from the accumulation of BV production study (Figure 4).
All PIB data comes from the PIB accumulation study (Figure 6).1 0
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Fig. 9.Comparison of the time course of two major events in the
infection cycle of three m.o.i's.All DNA data comes from Figure 2.
All BV data comes from the study of the rate of BV production (Figure
5) .9.5
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Fig. 10. Comparison of time course of major events in the infection
cycle of AcMNPV and OpMNPV.a) OpMNPV:all data is from cells infected
at m.o.i. 100 (see Figure 8). b) AcMNPV:data for DNA replication is
from S. frugiperda cells infected at m.o.i. 100 and pulse labeled at
various times post infection (Tjia et al, 1979); data for BV and PIB
production is from T. ni cells infected at m.o.i. 20 (Volkman et al,
1976).E
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TABLE 1
Accumulation of OpMNPV DNA in infected 11_ dispar cells; Experiment la
Hours Post
Infection m.o.i.5 m.o.i10 m.o.i.100
0 0 0.3±0.1 0.1±0.1
6 0.1±0.1 0.1±0.2 0.4±0.2
12 0.2±0.2 0.3±0 1.0±0.3
18 1.0±0.4 1.7±1.2 13.4±2.0
24 3.3±0.8 6.9±3.1 33.2±11.7
36 6.8±1.0 11.4±3.3 51.6±16.8
48 12.9±3.7 15.0±5.9 60.3±27.0
72 22.5±8.9 38.7±22.0 49.5±14.2
96 20.8±5.8 41.7±17.6 47.1±8.1
120 21.5±0.5 63.4±27.3 75.0±21.8
aSee legend to Fig. 1 for source of data. Standard deviations were
determined from triplicate sets of data.45
TABLE 2
Accumulation of OpMNPV DNA in infected L. .ispar cells; Experiment 2a
Hours Post
Infection m.o.i.5 m.o.i.10 m.o.i.100
0 0.1±0.1 0.3±0.3 0.5±0.3
6 0.2±0.2 0.2±0.2 0.8±0.4
9 0.2±0.1 0.2±0.2 0.7±0.5
12 0.5±0.1 0.5±0.2 1.6±0.4
15 0.6±0.2 1.8±0.4 5.8±3.5
18 3.5±1.6 6.5±1.6 28.7±15.2
21 11.8±6.6 21.2±6.1 78.1±13.5
24 15.1±3.0 19.8±3.3 59.8±27.0
36 39.4±6.0 52.5±2.5 97.6±31.0
48 73.6±19.7 78.7±5.3 83.9±43.7
72 151.4±76.7 89.9±50.7 98.1±35.4
96 147.6±75.4 98.8±53.4 100.4±58.4
120 131.4±36.8 103.4±41.6 94.3±27.4
aSee legend of Fig. 2 for source of data. Standard deviations were
determined from triplicate sets of data.TABLE 3
Comparison of OpMNPV DNA accumulation in infected L. dispar cells; Experiment 2a
Hours Post
Infection
m.o.i. 5 m.o.i. 10 m.o.i. 100
AMBIS scintillation AMBIS scintillation AMBIS scintillation
0 0.1±0.1 0.02±0.04 0.3±0.3 0.02±0.04 0.5±0.3 0.14±0.08
6 0.2±0.2 0.01±0.02 0.2±0.2 0 0.8±0.4 0.24±0.11
9 0.2±0.1 0.04±0.06 0.2±0.2 0 0.7±0.5 0.20±0.18
12 0.5±0.1 0.06±0.05 0.5±0.2 0.10±0.11 1.6±0.4 0.65±0.33
15 0.6±0.2 0.27±0.12 1.8±0.4 0.65±0.10 5.8±3.5 2.84±1.82
18 3.5±1.6 2.24±0.90 6.5±1.6 2.40±0.50 28.7±15.2 12.79±6.53
21 11.8±6.6 5.12±2.98 21.2±6.1 8.81±2.46 78.1±13.5 35.33±2.89
24 15.1±3.0 5.32±0.83 19.8±3.3 7.05±1.85 59.8±27.0 25.65±11.42
36 39.4±6.0 17.68±3.63 52.5±2.5 21.99±3.08 97.6±31.0 45.70±12.13
48 73.6±19.7 33.54±11.74 78.7±5.3 35.38±7.04 83.9±43.7 42.80±26.21
72 151.4±76.7 68.56±40.80 89.9±50.7 43.29±30.57 98.1±35.4 46.41±15.97
96 147.6±75.4 68.14±39.37 98.8±53.4 44.99±25.67 100.4±58.4 50.76±27.13
120 131.4±36.8 66.5±27.69 103.4±41.6 53.01±26.42 94.3±27.4 40.16±2.95
aSee legend to Figure 2 for source of AMBIS data.Scintillation data was collected as described in
Materials and Methods.All scintillation values shown are divided by 100. Standard deviations were
determined from triplicate sets of data.47
TABLE 4
Time course of TCID50 accumulation in
OpMNPV-infectedL. dispar cell supernatantsa
Hours Post
Infection m.o.i.5 m.o.i.10 m.o.i. 100
0 4.05 5.78 5.78
6 5.54 5.54 6.78
12 4.80 5.05 6.05
18 5.80 5.05 6.54
24 5.05 5.54 6.05
36 8.54 8.05 7.54
48 8.05 6.78 8.05
72 8.54 8.54 8.80
96 8.54 8.05 8.54
120 8.80 8.05 8.54
aSee legend to Fig. 4 for source of data.The
values represent the TCID50 calculated from 3
data points each from the supernatant of one
well as described in Materials and Methods.48
TABLE 5
Rate of TCID50 accumulation in
OpMNPV-infected I,. dispar cell supernatantsa
Hours Post
Infection m.o.i. 5 m.o.i. 10 m.o.i. 100
0 4.63± 0.15 4.71± 0.29 5.55± 0.44
12 3.95± 0.52 4.29± 0.44 5.29± 0.43
24 5.30± 0.43 6.05± 0.43 7.37± 0.29
36 7.88± 0.14 8.37± 0.29 8.71± 0.76
48 8.00± 0.33 8.00± 0.10 8.71± 0.21
60 7.88± 0.14 8.13± 0.38 8.21± 0.28
72 8.13± 0.38 8.30± 0.43 7.88± 0.14
96 8.00± 0.42 7.67± 0.14 7.82± 0.39
120 7.20± 0.38 7.08± 0.29 7.33± 0.13
aSee legend to Fig. 5 for source of data. Standard deviations were
determined fromtriplicate sets of data. All time points except 96 and
120 h p.i. were at 12 hr intervals.The values for the 96 and 120 hr
time points have been divided by 2 to give the average rate over a 12 hr
interval.49
TABLE 6
Percentage of OpMNPV-infected k dispar cells
that form polyhedral inclusion bodies'
Hours Post
Infection m.o.i.5 m.o.i.10m.o.i. 100
0 0 0 0
6 0 0 0
12 0 0 0
18 0 0 0
24 0 0 0
36 0 0 0
48 1+ 0 3± 1 4+ 1
72 2+ 1 4+ 2 5+ 1
96 5+ 0 7+ 1 19± 3
120 14+ 1 16+ 2 35± 1
'See legend to Fig. 6 for source of data. Standard
deviations were determined from triplicate sets of
data.50
REFERENCES
Blissard, G., Quant-Russell, R., Rohrmann, G.F., & Beaudreau, G.S.
(1989).Nucleotide sequence, transcriptional mapping, and temporal
expression of the gene encoding p39, a major structural protein of the
multicapsid nuclear polyhedrosis virus of Orgyia pseudotsugata.
Virology 168, 354-362.
Blissard, G.W., & Rohrmann, G.F.(1989). Location, sequence,
transcriptional mapping, and temporal expression of the gp64 envelope
glycoprotein gene of the Orgyia pseudotsugata multicapsid nuclear
polyhedrosis virus. Virology 170, 537-555.
Blissard, G.W., & Rohrmann, G.F.(1990).Baculovirus diversity and
molecular biology.Annual Reviews of Entomology. 3, 127-155.
Chisholm, G.E. & Henner, D.J.(1988).Multiple early transcripts and
splicing of the Autographa californica nuclear polyhedrosis virus IE-1
gene.Journal of Virology .62, 3193-3200.
Cochran, M. A.,& Faulkner, P.(1983).Location of homologous DNA
sequences interspersed at five regions in the baculovirus AcMNPV genome.
Journal of Virology g, 961-970.
Erlandson, M. A,& Carstens, E.B.(1983).Mapping early transcription
products of Autographa californica nuclear polyhedrosis virus.Virology
126, 398-402.
Feinberg, A.P. & Vogelstein, B.(1983). A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity.
Analytical Biochemistry132, 6-13.
Gombart, A.F., Blissard, G.W., & Rohrmann, G.F. (1989).
Characterization of the genetic organization of the HindIII-M region of
the multicapsid nuclear polyhedrosis virus of Orgyia pseudotsugata
reveals major differences among baculoviruses.Journal of General
Virology 22, 1815-1828.
Guarino, L.A. & Summers, M.D.(1987).Nucleotide sequence and temporal
expression of a baculovirus regulatory gene. Journal of Virology nl,
2091-2099.
Guarino, L.A. & Summers, M.D.(1986).Interspersed homologous DNA of
Autographa californica nuclear polyhedrosis virus enhances delayed early
gene expression. Journal of Virology 60, 215-223.
Guarino, L.A., Gonzalez, M.A. & Summers, M.D.(1986).Complete
sequence and enhancer function of the homologous DNA regions of
Autographa californica nuclear polyhedrosis virus.Journal of Virology
n2, 224-229.
Hohmann, A.W., & Faulkner, P.(1983). Monoclonal antibodies to
baculovirus structural proteins: determination of specificities by
Western blot analysis. Virology 125, 432-444.51
Kafatos, F.C., Jones, C.W., & Efstratiadis, A.(1979). Determination of
nucleic acid sequence homologies and relative concentrations by dot
hybridization procedures. Nucleic Acids Research 2, 1541-1552.
Laemmli, U.K.(1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London) 227, 680-685.
Leisy, D.J., Rohrmann, G.F., & Beaudreau, G.S.(1984). Conservation of
genome organization in two multicapsid nuclear polyhedrosis viruses.
Journal of Virology az, 699-702.
Maniatis, T., Fritsch, E.F., & Sambrook, J.(1982).Molecular cloning:
a laboratory manual.Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.
McClintock, J.T., Dougherty, E.M. & Weiner, R.M.(1986).Protein
synthesis in gypsy moth cells infected with a nuclear polyhedrosis virus
of Lymantria dispar.Virus Researcha, 307-322.
Muller, R., Russell, R.L., Pearson, M.N., & Rohrmann, G.F.(1990). A
capsid-associated protein of the multicapsid nuclear polyhedrosis virus
of Orgyia pseudotsugata:Genetic location, sequence, transcriptional
mapping, and immunocytochemical characterization.Virology 176, 133-
144.
O'Reilly, D.R., Crawford, A.M., & Miller, L.K. (1989). A viral-encoded
PCNA accelerates DNA replication.Nature337, 606.
Pearson, M.N., Russell, R.L., Rohrmann, G.F. & Beaudreau, G.S.(1988).
P39, a major baculovirus structural protein: immunocytochemical
characterization and genetic location.Virology 167, 407-413.
Quant, R.L., Pearson, M.N., Rohrmann, G.F., & Beaudreau, G.S. (1984).
Production of polyhedrin monoclonal antibodies for distinguishing two
Orgyia pseudotsugata baculoviruses. Applied and Environmental
Microbiology Aa, 732-736.
Quant-Russell, R.L., Pearson, M.N., Rohrmann, G.F., & Beaudreau, G.S.
(1987).Characterization of baculovirus p10 synthesis using monoclonal
antibodies.Virology160, 9-19.
Reed, L.J.,& Muench, H.(1938). A simple method of estimating fifty per
cent endpoints. American Journal of Hygiene 22, 493-497.
Rohrmann, G.F.(1977).Characterization of N-polyhedrin of two
baculovirus strains pathogenic for Orgyia pseudotsugata.Biochemistry
,1631-1634.
Rohrmann, G.F.,(1986). Polyhedrin Structure. Journal of General
Virology .E2,1499-1513.
Russell, R.L.Q. & Rohrmann, G.F.(1990).A baculovirus polyhedron
envelope protein: Immunogold localization in infected cells and mature
polyehdra. Virology 174, 177-184.
Russell, R.L.Q. & Rohrmann, G.F.(1990). The p6.5 gene region of the
multicapsid nuclear polyhedrosis virus of Orayia pseudotsugata:DNA52
sequence and transcriptional analysis of four late genes. Journal of
General Virology 21, 551-560.
Summers, M.D., & Smith, G.E.(1987). A Manual of Methods for Baculovirus
Vectors and Insect Cell Culture Procedures. Texas Agricultural
Experiment Station Bulletin No. 1555. College Station, TX.
Thiem, S.M. & Miller, L.K.(1989).Identification, sequence, and
trancriptional mapping of the major capsid protein gene of the
baculovirus Autographa californica nuclear polyhedrosis virus. Journal
of Virology _61, 2008-2018.
Tjia, S., Carstens, E.B.,& Doerfler, W.(1979).Infection of
Spodoptera frugiperda cells with Autographa californica nuclear
polyhedrosis virus. II. The viral DNA and the kinetics of its
replication.Virology 99, 399-409.
Tomalski, M.D., Wu, J.& Miller, L.K.(1988). The location, sequence,
transciption and regulation of a baculovirus DNA polymerase gene.
Virology 167, 591-600.
Volkman, L.E.(1986).The 64K envelope protein of budded Autographa
californica nuclear polyhedrosis virus.Curent Topic in Microbiology
and Immunology 131, 103-118.
Volkman, L.E., Summers, M.D., & Hsieh, C.-H.(1976).Occluded and
nonoccluded nuclear polyhedrosis virus grown in Trichoplusia
Comparative neutralization, comparative infectivity, and in vitro growth
studies.Journal of Virology 19, 820-832.
Whitford, M., Stewart, S., Kuzio, J.,& Faulkner, P.(1989).
Identification and sequence analysis of a gene encoding gp67 an abundant
envelope glycoprotein of the baculovirus, Autographa californica nuclear
polyhedrosis virus. Journal of Virology nl, 1393-1399.
Wilson, M.E., Mainprize, T.H., Friesen, P.D.,& Miller, L.K.(1987).
Location, transcription, and sequence of a baculovirus gene encoding a
small arginine-rich polypeptide.Journal of Virology 61, 661-666.53
BIBLIOGRAPHY
Adams, J.R., Goodwin, R.H. & Wilcox, T.A.(1977).Electron microscopic
investigation on invasion and replication of insect baculoviruses in
vivo and in vitro.Biologie Cellulaire 21, 261-268.
Blispard, G., Quant-Russell, R., Rohrmann, G.F., & Beaudreau, G.S.
(1989).Nucleotide sequence, transcriptional mapping, and temporal
expression of the gene encoding p39, a major structural protein of the
multicapsid nuclear polyhedrosis virus of Orgyia pseudotsugata.
Virology 168, 354-362.
Blissard, G.W., & Rohrmann, G.F.(1989). Location, sequence,
transcriptional mapping, and temporal expression of the gp64 envelope
glycoprotein gene of the Orgyia pseudotsugata multicapsid nuclear
polyhedrosis virus. Virology 170, 537-555.
Blissard, G.W.,& Rohrmann, G.F.(1990).Baculovirus diversity and
molecular biology.Annual Reviews of Entomology. aa, 127-155.
Burgess, S.(1977).Molecular weights of lepidopteran baculovirus DNAs:
derivation by electron microscopy.Journal of General Virology 37, 501-
510.
Charlton, C.A. & Volkman, L.E.(1986).Effects of tunicamycin on the
structural proteins and infectivity of budded Autographa californica
nuclear polyhedrosis virus.Virology 154. 214-218.
Chisholm, G.E. & Henner, D.J.(1988).Multiple early transcripts and
splicing of the Autographa californica nuclear polyhedrosis virus IE-1
gene.Journal of Virology L2, 3193-3200.
Cochran, M. A.,& Faulkner, P.(1983).Location of homologous DNA
sequences interspersed at five regions in the baculovirus AcMNPV genome.
Journal of Virology la, 961-970.
Erlandson, M. A,& Carstens, E.B. (1983).Mapping early transcription
products of Autographa californica nuclear polyhedrosis virus.Virology
126, 398-402.
Feinberg, A.P. & Vogelstein,.B. (1983). A technique for radiolabeling
DNA restriction endonuclease fragments to high specific activity.
Analytical Biochemistry132, 6-13.
Friesen, P.D. & Miller, L.K. (1986).The regulation of baculovirus gene
expression.Current Topics in Microbiology and Immunology 131, 31-49.
Fuchs, Y.L., Woods, M.S. & Weaver, R.F.(1983).Viral transcription
during Autographa californica nuclear polyhedrosis virus infection: a
novel RNA polymerase induced in infected Spodoptera frugiperda cells.
Journal of Virology la, 641-646.
Gombart, A.F., Blissard, G.W., & Rohrmann, G.F.(1989).
Characterization of the genetic organization of the HindIII -M region of
the multicapsid nuclear polyhedrosis virus of Orgyia pseudotsugata54
reveals major differences among baculoviruses.Journal of General
Virology 211, 1815-1828.
Gombart, A.F., Pearson, M.N., Rohrmann, G.F. & Beaudreau, G.S.(1989A)
A baculovirus polyhedral envelope-associated protein: genetic location,
nucleotide sequence, and immunocytochemical characterization.Virology
169, 182-193.
Granados, R.R.(1980).Infectivity and mode of action of baculoviruses.
Biotechnology and Bioengineering 22, 1377-1405.
Grula, M.A., Buller, P.L. & Weaver, R.F.(1981).Alpha amanitin-
resistant viral RNA synthesis in nuclei isolated from nuclear
polyhedrosis-infected Heliothis zea larvae and Spodoptera Irugiperda
cells.Journal of Virology 2a, 916-921.
Guarino, L.A. & Summers, M.D.(1987).Nucleotide sequence and temporal
expression of a baculovirus regulatory gene. Journal of Virology Li(
2091-2099.
Guarino, L.A. & Summers, M.D.(1986).Interspersed homologous DNA of
Autographa californica nuclear polyhedrosis virus enhances delayed early
gene expression. Journal of Virology 215-223.
Guarino, L.A., Gonzalez, M.A. & Summers, M.D.(1986).Complete
sequence and enhancer function of the homologous DNA regions of
Autographa californica nuclear polyhedrosis virus.Journal of Virology
60, 224-229.
Hohmann, A.W.,& Faulkner, P.(1983). Monoclonal antibodies to
baculovirus structural proteins: determination of specificities by
Western blot analysis. Virology 125, 432-444.
Ignoffo, C.M.(1968).Specificity of insect viruses.Bull. Entomol.
Soc. Am. 14, 265.
Jasny, B.R.(1988).Insect viruses invade biotechnology.Science 238,
1653.
Kafatos, F.C., Jones, C.W., & Efstratiadis, A.(1979). Determination of
nucleic acid sequence homologies and relative concentrations by dot
hybridization procedures. Nucleic Acids Research 7, 1541-1552.
Knudson, D.L. & Harrap, K.A.(1976).Replication of a nuclear
polyhedrosis virus in a continuous cell culture of Spodoptera
frugiperda: Microscopy study of the sequence of events of the virus
infection.Journal of Virology 17, 254-268.
Knudson, D.L. & Tinsley, T.W.(1974).Replication of a nuclear
polyhedrosis virus in a continuous cell culture of Spodoptera
frugiperda: purification, assay of infectivity, and growth
characteristics of the virus.Journal of Virology 14, 934-944.
Laemmli, U.K. (1970). Cleavage of structural proteins during the
assembly of the head of bacteriophage T4. Nature (London) 227, 680-685.55
Leisy, D.J., Rohrmann, G.F., & Beaudreau, G.S.(1984). Conservation of
genome organization in two multicapsid nuclear polyhedrosis viruses.
Journal of Virology az, 699-702.
Maniatis, T., Fritsch, E.F., & Sambrook, J.(1982).Molecular cloning:
a laboratory manual.Cold Spring Harbor Laboratory, Cold Spring Harbor,
N.Y.
Martignoni, M.E. & Iwai, P.J.(1986).A Catalog of Viral Diseases of
Insects, Mites, and Ticks.USDA Forest Service PNW-195.Washington,
DC: USGPO.
Maruniak, J.W. & Summers, M.D.(1981).Autographa californica nuclear
polyhedrosis virus phosphoproteins and synthesis of intracellular
proteins after virus infection.Virology 109, 25-34.
Masters, B.S. Stohl, L.L. & Clayton, D.A.(1987).Yeast mitochondrial
RNA polymerase is homologous to those encoded by bacteriophages T3 and
T7.Cell 89-99.
McCarthy, W.J., Lambaise, J.T. & Henchal, L.S.(1980).The effect of
inoculum concentration on the development of the nuclear polyhedrosis
virus of Autographa californica in TN-368 cells.Journal of
Invertebrate Pathology 36, 48-51.
McClintock, J.T., Dougherty, E.M. & Weiner, R.M.(1986).Protein
synthesis in gypsy moth cells infected with a nuclear polyhedrosis virus
of Lymantria dispar.Virus Researcha, 307-322.
Muller, R., Russell, R.L., Pearson, M.N., & Rohrmann, G.F.(1990). A
capsid-associated protein of the multicapsid nuclear polyhedrosis virus
of Orgyia pseudotsugata:Genetic location, sequence, transcriptional
mapping, and immunocytochemical characterization.Virology 176, 133-
144.
O'Reilly, D.R., Crawford, A.M.,& Miller, L.K.(1989). A viral-encoded
PCNA accelerates DNA replication.Nature337, 606.
Pearson, M.N., Russell, R.L., Rohrmann, G.F., & Beaudreau, G.S. (1988).
P39, a major baculovirus structural protein:Immunocytochemical
characterization and genetic location.Virology 167, 407-413.
Quant, R.L., Pearson, M.N., Rohrmann, G.F.,& Beaudreau, G.S.(1984).
Production of polyhedrin monoclonal antibodies for distinguishing two
Orgyia pseudotsugata baculoviruses. Applied and Environmental
Microbiology j., 732-736.
Quant-Russell, R.L., Pearson, M.N., Rohrmann, G.F.,& Beaudreau, G.S.
(1987).Characterization of baculovirus p10 synthesis using monoclonal
antibodies.Virology160, 9-19.
Rankin, C., Ooi, B.G. & Miller, L.K.(1988).Eight base pairs
encompassing the transcriptional start point are the major determinant
for baculovirus polyhedrin gene expression.Gene 29_, 39-49.
Reed, L.J., & Muench, H.(1938). A simple method of estimating fifty per
cent endpoints. American Journal of Hygiene 27, 493-497.56
Rohrmann, G.F.(1977).Characterization of N-polyhedrin of two
baculovirus strains pathogenic for Orgyia pseudotsugata.Biochemistry
J, 1631-1634.
Rohrmann, G.F.,(1986). Polyhedrin Structure. Journal of General
Virology ni, 1499-1513.
Russell, R.L.Q. & Rohrmann, G.F.(1990).A baculovirus polyhedron
envelope protein: Immunogold localization in infected cells and mature
polyehdra. Virology 174, 177-184.
Russell, R.L.Q. & Rohrmann, G.F.(1990). The p6.5 gene region of the
multicapsid nuclear polyhedrosis virus of Orgyia pseudotsugata:DNA
sequence and transcriptional analysis of four late genes. Journal of
General Virology fl, 551-560.
Shieh, T.R. & Bohmfalk, G.T.(1980).Production and efficacy of
baculoviruses.Biotechnology and Bioengineering 22, 1357-1375.
Summers, M.D., & Smith, G.E.(1987). A Manual of Methods for Baculovirus
Vectors and Insect Cell Culture Procedures. Texas Agricultural
Experiment Station Bulletin No. 1555. College Station, TX.
Thiem, S.M. & Miller, L.K.(1989).Identification, sequence, and
trancriptional mapping of the major capsid protein gene of the
baculovirus Autographa californica nuclear polyhedrosis virus. Journal
of Virology na, 2008-2018.
Tjia, S., Carstens, E.B., & Doerfler, W.(1979).Infection of
Spodoptera frugiperda cells with Autographa californica nuclear
polyhedrosis virus. II. The viral DNA and the kinetics of its
replication.Virology 22, 399-409.
Tomalski, M.D., Wu, J.& Miller, L.K.(1988). The location, sequence,
transciption and regulation of a baculovirus DNA polymerase gene.
Virology 167, 591-600.
Volkman, L.E.(1986).The 64K envelope protein of budded Autographa
californica nuclear polyhedrosis virus.Curent Topic in Microbiology
and Immunology 131, 103-118.
Volkman, L.E., Summers, M.D.,& Hsieh, C.-H.(1976).Occluded and
nonoccluded nuclear polyhedrosis virus grown in Trichoplusia ni:
Comparative neutralization, comparative infectivity, and in vitro growth
studies.Journal of Virology 19, 820-832.
Whitford, M., Stewart, S., Kuzio, J.,& Faulkner, P.(1989).
Identification and sequence analysis of a gene encoding gp67 an abundant
envelope glycoprotein of the baculovirus, Autographa californica nuclear
polyhedrosis virus. Journal of Virology nl, 1393-1399.
Wilson, M.E. & Consigli, R.A.(1985).Functions of a protein kinase
activity associated with purified capsids of the granulosis virus
infecting Plodia interpunctella.Virology 143, 526-535.57
Wilson, M.E., Mainprize, T.H., Friesen, P.D., & Miller, L.K.(1987).
Location, transcription, and sequence of a baculovirus gene encoding a
small arginine-rich polypeptide.Journal of Virology 61, 661-666.
Wood, H.A.(1980).Autogr.pha californica nuclear polyhedrosis virus-
induced proteins in tissue culture.Virology 102, 21-27.